The prevalence of adiposity in childhood is increasing. Is breast-feeding protective as suggested by cross-sectional studies? OBJECTIVE: In a longitudinal birth cohort study, we tested whether breast-feeding for more than 2 months has preventive effects against overweight and adiposity at 6 y. DESIGN: Of 1314 children representing the catchment areas of six delivery units, 918 could be followed up to the age of 6 y. Height, weight, and skin-fold thickness were measured at regular visits. As the criteria of overweight, obesity, and adiposity in the children, the 90th and the 97th percentiles of BMI and skin-fold values were used. Parents with a BMI at or above the 90th percentile, which was 27 kg/m 2 or more, were considered overweight. Infants bottle-fed from birth or breast-fed for less than 3 months were classified as 'bottle-fed' (BO), and those breast-fed for 3 months and more as 'breast-fed' (BR). Univariate comparisons and logistic regression analysis were performed applying SAS 6.12. The final logistic model consisted of the 480 cases for whom complete data for all variables were available. The potential effect of loss to follow-up was analysed by the Cochran-Mantel-Haenzel test: the outcomes were not significantly influenced by loss to follow-up. RESULTS: At birth BMIs were nearly identical in both groups. By 3 months, BO had significantly higher BMIs and thicker skin folds than BR. From 6 months on, compared to BR, a consistently higher proportion of BO children exceeded the 90th and the 97th percentile of BMI and skin-fold thickness reference values. From the age of 4 y to 5 and 6 y, in BO the prevalence of obesity nearly doubled and tripled, respectively. With only minor changes of obesity prevalence in BR, the difference of BMI and skinfold thickness between groups became statistically significant. Logistic regression analysis revealed that overweight of the mother, maternal smoking during pregnancy, bottle feeding, and low social status remained important risk factors for overweight and adiposity at 6 y of age. CONCLUSION: A maternal BMI of 27, bottle-feeding, maternal smoking during pregnancy, and low social status are risk factors for overweight and adiposity at 6 y of age. Early bottle-feeding brings forward the obesity rebound, predictive of obesity in later life.
Introduction
Childhood obesity is an increasing public health problem. [1] [2] [3] Recent cross-sectional studies [4] [5] [6] [7] confirmed earlier findings by Kramer 8 that children at school admission and adolescents who were breast-fed in infancy had a lower risk of being overweight or obese at school age, and that there was a negative dose-effect relationship between breast-feeding duration and the occurrence of obesity. As obesity is barely amenable to treatment, 9, 10 any promising prospect for prevention should be scrutinized, and implemented where possible. However, cross-sectional data may have limitations with respect to recall of the mode of feeding in infancy. They usually do not contain a time course of obesity prevalence between infancy and school age, and not all of them include sufficient additional information on skin-fold thickness, parental BMI and smoking status, or relevant socioeconomic data. Butte, 11 reviewing several studies on the relationship between breast-feeding in infancy and later obesity, comes to the conclusion that the subject remains controversial.
The German Multicenter Atopy Study (MAS) offers the opportunity to analyse the data of a longitudinal study that recruited its participants at birth. 12 It includes nutritional and anthropometric data collected at 0, 3, 6, 12, 18 months and annually thereafter in a standardized manner, including parental BMI, and socioeconomic status, as well as parental smoking and maternal smoking during pregnancy. Thus, it offers the opportunity to test the findings of the crosssectional studies in a longitudinal nonintervention study.
Subjects and methods

Subjects
The subjects of the MAS were enrolled at birth. Out of a total of 7609 singleton term infants born during 1990 in four urban (u) and two rural (r) catchment areas of six delivery units in Germany (Berlin (2u), Duesseldorf (u), Freiburg (r), Mainz (r) and Munich (u)), 1314 were enrolled in the project: a total of 499 subjects had two first-degree relatives (parents mostly) suffering from an allergy and/or having an elevated cord blood IgE level (40.9 KU), and 815 infants were identified by a dynamic (longitudinal) randomization procedure from the remaining large majority (91%) of the term infants. 12 Excluding the infants with major malformations, and the ones admitted to a newborn care unit, they represent the normal live births of the catchment areas of the respective delivery departments during the whole year 1990. Not all data were available on every child and age: cohort mortality, and missing data for parental BMI, smoking history, family income/social status, mode of feeding in infancy, height, length, weight, triceps, or subscapular skin fold, reduced the number of cases for statistical analysis.
To obtain groups sufficiently large for comparison, especially for multivariate statistical analysis of the 6 y data, subjects who had never been breast-fed (8.1%), and those breast-fed in part for 2 months only (23.4%) were combined into the category of bottle-fed infants (BO, 31.5%), and subjects breast-fed for 3 months or more into the category of breast-fed infants (BR, 68.5%). 13 Mothers who had stopped breast-feeding by 3 months usually had started at least complementary bottle-feeding well before. The categories BO and BR are being applied in all comparisons. In the description of the change in prevalence of overweight/obesity over time (Figures 1-4) , and for comparing results of uni-and multivariate analyses at 6 y of age, only the 480 cases were included who had complete data for BMI, triceps, and subscapular skin fold, as well as for all independent variables. The influence of loss to follow-up and missing values was tested by Cochran-Mantel-Haenzel statistics, and was shown to be insignificant with respect to the outcomes (BMI and skin-fold thickness).
Measurements
Weights were measured on calibrated beam balances with the children completely undressed, and the parents (2-1/2 y post partum) wearing underwear, to the nearest 10 g in infants and 100 g in older children and adults. Prone length was determined during the first 2 y of life, and standing height Figure 1 Prevalence of overweight, according to BMI. Proportion (%) of children exceeding the 90th percentile of the BMI reference values (15), depending on feeding mode in infancy. The 480 cases used were those for whom complete data were still available at the age of 6 y. **Po0.01; ***Po0.001. Figure 2 Prevalence of obesity, according to BMI. Proportion (%) of children exceeding the 97th percentile of the BMI reference values (15), depending on feeding mode in infancy. The 480 cases used were those for whom complete data were still available at the age of 6 y. **Po0.01; ***Po0.001. Figure 3 Prevalence of adiposity, according to triceps skin-fold thickness.
Proportion (%) of children exceeding the 97th percentile of the reference values, 16 depending on feeding mode in infancy. The 480 cases used were those for whom complete data were still available at the age of 6 y. *Po0.05; ***Po0.001.
Childhood overweight and adiposity: role of breast-feeding KE Bergmann et al thereafter in the children, and in their parents, on Harpenden measuring boards or stadiometers, respectively. Readings were recorded to the nearest 0.2 millimetre. After calibration, inter-and intra-observer accuracy was within 0.5 cm. Triceps and subscapular skin-fold thicknesses were determined using Harpenden calipers. Readings after 3 s were to the nearest millimetre. All measurements were taken applying highly standardized procedures 14 with the technique of measurement of the observers calibrated by one of the authors (RLB), whose techniques had been calibrated by Whitehouse and Tanner, London. Until the age of 6 y, the children were measured on eight occasions (Figures 1 and 2 ) within 1 week of the specified month of age during the first year of life and within 2 weeks thereafter. While weighing and measuring was accepted at most visits, some children were afraid of the caliper, and refused to have their skin-fold thickness taken. This had to be and was respected according to the ethical requirements to be applied in experiments with persons unable to give formal consent. At every follow-up visit for physical examination, anthropometry, allergy-specific sampling, and information on feeding were collected by protocol, by questionnaire, and by a 24-h recall interview. 13 
Definitions
The BMI was compared to the age-and gender-specific BMIs of Rolland-Cachera et al, 15 with values exceeding the 90th percentile considered as overweight and the ones exceeding the 97th percentile being defined as obese. Normative, ageand gender-specific values by Prader et al 16 served as the standards for skin-fold thickness. Again, the 90th and the 97th percentiles were taken as the cut-offs, respectively. For newborn infants, and for the first 3 months of life, there are no criteria for obesity. Therefore, in the youngest age groups, means of BMI and skin folds are compared. Parents with a BMI exceeding the 90th percentile of the study participants were classified as overweight. In the mothers, this corresponded to a BMI of 27 kg/m 2 . Maternal smoking status during pregnancy was represented most reliably by dichotomizing it into 'yes' or 'no'. Social indexes of the family ((1) educational, (2) occupational level of the parent contributing the highest share to the family income (in 90% of the families, the father), (3) family income itself were all assigned a score between 1 and 4 points, and then summed, resulting in scores ranging from 3 to 12. The sum was divided by 4, resulting in 3 SES classes: low, middle, and high. 17, 18 In the analysis of the MAS-data, this classification separated best. 19 Statistics All data were entered into an SIR data bank (Scientific Information Retrieval data bank software) with plausibility controls, and with double entry for major parts of the data set. The statistical software package SAS 6.12 was mainly used. The prevalence of overweight and obesity was computed gender specifically for every visit from the age of 6 months on. Univariate odds ratios (ORs) as well as multivariate adjusted ORs were computed applying logistic regression analysis. Candidate determinants included prematurity, birth weight in three classes (o2500 g, 2500-3999 g, 4000 g), breast-feeding, beikost (food other than milk or formula 20 ) before 6 months of age, number of older siblings, overweight parents, smoking status of the mother, maternal smoking during pregnancy, family social status, age, and educational status of the mother. Gender was generally included by applying gender-specific anthropometric reference data. The multivariate model included factors that were associated with the exposure as well as with the outcome variable (Po0.05), the inclusion of which into the model changed the crude OR for breast-feeding by at least 10%. Independent of an association with any exposure or outcome variables, factors were included that changed the crude OR for breast-feeding by at least 20%. The ORs were computed with their 95% confidence intervals (CIs). Statistical significance for continuous variables in univariate comparisons was tested by a two-tailed t-test, for categorical variables by w 2 test, in the analysis of variance of continuous variables by f-test, and in Mantel-Haenzel equations by chisquare-test. Bias as a result of loss to follow-up was tested by Cochran-Mantel-Haenzel statistics. Finally, where indicated, we applied Kendall's t, and for inhomogeneous subsets Duncan's test. SAS (and SPSS) offers these options. The MAS was approved by the ethical committee of the Charité-Virchow-Klinikum, Humboldt University, Berlin. Informed written consent for participating with their children in the study was obtained by the parents. Any change in the preparedness to participate in individual tests, as well as the will of the participating children, was respected. The study was reviewed and approved by the Berlin office for data protection. Figure 4 Prevalence of adiposity, according to subscapular skin-fold thickness. Proportion (%) of children exceeding the 97th percentile of the reference values, 16 depending on feeding mode in infancy. The 480 cases used were those for whom complete data were still available at the age of 6 y. *Po0.05; **Po0.001.
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Results
Tables 1a and b present means and standard deviations as well as proportions (%) of the relevant outcome, and influential variables of all bottle-and breast-fed infants for whom data were available at any specific point of time.
Because of loss to follow-up, and missing values, n varies between ages and variables. To facilitate comparisons, Tables  2a and b present the same type of data only for those 480 children for whom complete data were still available at the age of 6 y. At birth, mean BMI was nearly identical for the BR and BO groups. At the age of 3 months, the BMI and triceps skin-fold thickness are already significantly higher in BO.
Applying the BMI reference data of Rolland-Cachera et al, 22 Figures 1 and 2 show the age-specific prevalence of overweight and obesity in the 480 BO and BR children having still complete data at the age of 6 y. In both groups, the prevalence of overweight ( Figure 1 ) and obesity ( Figure 2 ) decreases from 6 to 18 months, and increases thereafter. The nadir age appears to be 18 months. Childhood overweight and adiposity: role of breast-feeding KE Bergmann et al
At any age between 6 months and 6 y, a somewhat greater proportion was overweight or obese in BO than in BR. Between the ages of 4 y, and of 5 and 6 y, in BO the prevalence of obesity nearly doubled and tripled, respectively. With only minor changes of obesity prevalence in BR, the difference of BMI between groups became statistically significant. Figures 3 and 4 visualize the changing prevalence of adipose values for the triceps and subscapular skin-fold thickness: compared to the 97th percentile values of the Prader et al 16 reference data, a nadir age for the triceps skin-
fold thickness again appears to be at 18 months; the differences between BO and BR become larger and statistically significant from 48 months on. For the subscapular skin-fold thickness, the nadir age appears less clear-cut: while the prevalence of adipose values looks relatively stable in the BR, it increases in BO from 12 months on more than threefold, the differences to BR being statistically significant at the ages of 24, 48, and 72 months. Before estimating the magnitude of the influence of breastfeeding in infancy on overweight and obesity at the age of 6 y by unadjusted and (multivariate) adjusted ORs, the potential role of all available independent variables as defined in the Methods section on these outcomes was computed (Table 3) . Of 11 factors, only four remained statistically significant in multivariate logistic regression Table 2a BMI at birth (BMI B ), 3 months (BMI 3mo ) and 6 y of age as well as the skin-fold thickness (3 months, 6 y), parental BMI, and age of the mother at delivery according to feeding mode (see Table 1 ) (only the data for the 480 cases are included for whom complete data for every outcome and independent variable was available at 6 y of age)
Bottle-fed infants (n = 151) Breast-fed infants (n = 329) Childhood overweight and adiposity: role of breast-feeding KE Bergmann et al analysis. Tables 4 and 5 present the ORs and 95% CIs of the effect of breast-feeding. When the mode of infant feeding was considered alone (unadjusted ORs), breast-feeding lowered the risk for overweight and obesity significantly by about twothirds. After the adjustments, breast-feeding for 3 months or more as well as high family social status lowered whereas overweight of the mothers and their smoking during pregnancy significantly increased the risk for overweight and obesity at the age of 6 y.
Discussion
Several studies have addressed the relation of breast-feeding to childhood obesity with differing results. As Butte 11 points out most of them have limitations because of problems with respect to definitions, missing information on birth weight, confounders, or on time course. The studies collected their data under different conditions, fox example, early post-war vs recent years, Eastern or Western European countries, or at different outcome ages. This may explain differences in findings.
In this study, the differences in BMI were not present at birth. At the age of 1 month, the breast-fed infants on average were even somewhat fatter than those exclusively or partially bottle-fed. However, between the second and the third month for the first time, the bottle-fed developed a higher mean BMI and thicker skin-folds than the breast-fed infants (Tables 1 and 2 ). Subsequently, the BO consistently had a higher prevalence of overweight and obesity (Figures 1  and 2 ). The nadir age of overweight and obesity appears to be at about 18 months, when the prevalence starts to increase slowly in BR and much steeper in BO, the differences in BMI Childhood overweight and adiposity: role of breast-feeding KE Bergmann et al becoming statistically significant from the age of 60 months on. The skin-fold thickness values behave similarly (Figures 3  and 4) . The findings are robust: they remain stable after controlling for the variables that proved to be relevant in the multivariate analysis, that is, overweight of the mothers, their smoking during pregnancy, and the social status of the family (Tables 4 and 5 ). The effect can also be seen in models that include all available cases for each specific outcome variable irrespective of missing values of the other variables (data not shown). The long-term effect of the mode of feeding on skin-fold thickness appears relevant in particular, because skin-fold thickness is a different, and possibly a more specific, indicator of adiposity than BMI. 21 Our regular annual observations, for the first time, clearly show that the adiposity rebound is being brought forward by bottle-feeding in infancy (Figures 1 and 2 ). This may have long-term consequences. 22 The body shape is affected by many factors on its way through life, and influences that are still visible years later should be scrutinized for their usefulness in prevention.
Risk factors
Obesity of the mother, 23 and social status 24, 25 being strong determinants of childhood obesity, also in the present study (Table 3) , made controlling for them mandatory. There appears to be consensus that genetic trait as well as intrauterine influences, and cultural transmission determine major proportions of the emergence of adiposity. 21, [26] [27] [28] [29] [30] [31] [32] [33] The influence of the mother's BMI on that of her child in the present study is in line with these observations and theories. Obese and lower social class mothers tend to have less success in breast-feeding. 34, 35 In fact, the reduced breastfeeding success of overweight and lower social status mothers could be even the real causal factor for the increased risk of their offspring becoming obese. Values unadjusted and adjusted for mother's overweight, maternal smoking in pregnancy, and social status. For comparability, only those 480 cases (151 bottle fed, and 329 breast-fed) are included who at 6 y of age had complete data for BMI, triceps, and subscapular skin fold, as well as for all independent variables. Logistic regression model. Significantly different from unity: *Po0.05; **Po0.001; ***Po0.0001. Values unadjusted and adjusted for mother's overweight, maternal smoking in pregnancy, social status. For comparability, only those 480 cases (151 bottle-fed and 329 breast-fed) are included who at 6 y of age had complete data for BMI, triceps, and subscapular skin fold, as well as for all independent variables. Logistic regression model. Significantly different from unity: *Po0.05; **Po0.01; ***Po0.001.
High as well as low birth weight may increase the risk of later adiposity. 28, 30, [36] [37] [38] [39] Birth weight (in three classes, Table   3 ) had an effect only in univariate comparisons: while the lowest class did not seem to influence later overweight, the highest increased the risk. However, birth weight was excluded from the final model. It may have a more complex U-shaped relationship to later adiposity. 28, 37 However, this aspect could not be tested further because, in our sample, there were very few cases having a birth weight of less than 2.500 kg. Admission to a neonatal-care ward had been an exclusion criterion of the MAS study. Mothers suffering from an atopic disease tend to breastfeed their infants longer than nonatopic mothers, 35 and there appears to be a tendency for a higher prevalence of asthma in overweight children and adults; other atopies do not seem to be related to BMI. 40, 41 If obesity were a potential risk factor for asthma, it would not interfere with our observations and interpretation, as the tendency of atopic mothers to breast-feed for longer, and yet a possibly higher prevalence of overweight in asthmatic children, could only have increased the prevalence of overweight or obesity in the breast-fed group, thereby diminishing the difference between groups.
Study design aspects
Cross-sectional studies on early determinants of later adiposity that date back many years, like breast-feeding, [4] [5] [6] [7] [8] usually discuss recall bias as one of their potential limitations, despite the fact that the recall for breast feeding may correlate well with that documented in health clinic charts in some studies. 42 In this context, our prospective birth cohort study may have several advantages: (1) The data were collected close to their origination, ensuring a high degree of validity and precision of any early influences as well as later outcomes. Recall bias did not constitute a problem. (2) The time course of the development of overweight is made visible, and it can be shown at what age the process begins. (3) The BMI differences between feeding groups were not present at the beginning. The longitudinal observation shows them to be related to the mode of feeding. Despite the fact that our study identified the time course of BMI differences, and thus the sequence of potential causes and effects, the determinants identified here, including breast-feeding and smoking, could not be assigned at random to different groups. Therefore, causal inferences can still only be made with some caution.
A potential drawback of longitudinal studies is related to repeated interaction between the subjects and the professional observers, which may have some unintentional interventive effect. 19, 35 In the present study, it could have generally decreased the occurrence of overweight in the children at risk, thereby diminishing the observed effect of breast-feeding. The group of formerly bottle-fed children includes some that were at least partially breast-fed for less than 3 months. Their assignment to the bottle-fed group could, to some extent, have weakened the observed protective effect of breast-feeding.
Considering the loss to follow-up in the present study, significantly more bottle-fed children dropped out (43.7 vs 25.7%). This could have produced a selection bias if, for example, of the BO more slim subjects had dropped out than overweight and obese ones. The potential effects of loss to follow-up were tested by Cochran-Mantel-Haenzel statistics. Loss to follow-up did not produce any significant bias with respect to our outcome variables (BMI, skin-fold thickness). Focusing on the 480 cases for whom the data were still complete for every variable at the age of 6 y does not produce different conclusions than if all data available at any age are included despite the results differing somewhat in magnitude (data not shown).
Differing findings in other studies
Our observations are in line with the results of several crosssectional studies, [4] [5] [6] [7] [8] re-examining the subjects of their study on growth and serum chemical values of breast-fed infants 45 published in 1978, found no difference in the prevalence of overweight in 8-y-old children whether breast-fed during the first 112 days or not. From their 1978 paper, it is evident that their breastfed infants had received additional daily bottle-feedings as a supplement during the early weeks, and strained food from the fifth week on. Therefore, the parents or caretakers had some influence on the food intake of their infants. This may explain why they did not find differences between breastand bottle-fed infants. In contrast, the breast-feeding mothers of the present study received advice about breastfeeding 46 at the maternity ward, including time ad libitum feeding, and at their request utilizing our telephone hotline as well as when coming to the study's appointments. No additional bottle-feeding or strained food was recommended before the age of 4 months. This produced more exclusive breast-feeders in the MAS study. 13 In the study by Baranowski et al 23 a favourable effect of breast feeding duration on weight and BMI at the age of 3-4 y was not significant. This corresponds to our results, as we find statistically not significant favourable effects on BMI of former breast-feeding at the ages of 3 and 4 y, but larger and significant ones at the ages of 5 and 6 y. Possibly, the authors would have come up with similar results as ours had they observed their subjects 1 or 2 y longer.
Possible mechanisms
1. Breast-feeding could be part of a lifestyle running in families and counteracting the development of adiposity. The
Childhood overweight and adiposity: role of breast-feeding KE Bergmann et al impact of breast-feeding as a proxy for lifestyle could be more obvious in a less favourable environment, as in the study by Elliott et al. 47 2. There could be substances in breast milk that imprint the neuro-hormonal system controlling food intake, as there were lasting differences between formerly bottleand breast-fed infants in the responses of gut endocrine substances to a meal. 48, 49 3. Breast-fed infants regulate their food intake quite precisely according to their needs for growth and maintenance, and in addition they control the breast milk production of their mother. [50] [51] [52] [53] In contrast, satiety can easily be challenged by bottle-feeding, when the saturated infant is encouraged to empty the bottle, and by feeding formulas more concentrated in energy and nutrients than breast milk. If this occurs early and goes on, a reliable control over food intake may not develop. [54] [55] [56] In breast-feeding, establishing a precise and dependable point of satiety is guided by internal physiologic rather than by external social cues. 57 We favour this hypothesis to explain the protective effect of breast-feeding against later obesity. The results of Ong et al 38 support this view, in that the association of catch-up growth in the first 2 y of life with obesity at 5 y in the Avon longitudinal study seems to indicate a lasting effect of excessive growth rate (and thus overfeeding) in infancy. The large prospective study by Stettler et al 58 shows that rapid growth during the first 4 months of life is a risk factor for overweight at the age of 7 y, and seems to confirm our results and conclusions. The observations of Wilson et al, 59 showing an increased percentage of body fat and weight at 7 y of age if solid food was introduced early, would also fit this hypothesis, as in feeding solids early the mother or caretaker has an influence on food intake of the infant, thereby disrupting the infant's own control over food intake.
4. The effect of smoking during pregnancy confirms the findings of Blake et al. 60 (1) It may act through its effect on prenatal growth with subsequent catch-up growth. 38 (2) It could be an indicator of a high risk for dependency, including overeating, transmitted from the mother to the child. (3) Also, it could be speculated that smoking acts by means of metabolic imprinting on the system controlling food intake and satiety.
The present study does not contain the variables nor does it have a sample size sufficiently large to test these hypotheses further. The 'real world being multivariate', 61, 62 all of the potential pathways leading to adiposity could exist simultaneously, with their strengths varying according to different conditions.
As a next step, the global effects of breast-feeding and smoking during pregnancy on BMI could be tested in controlled intervention trials. Since the random assignment to breast-or bottle-feeding, and to smoking or nonsmoking during pregnancy is neither desirable nor possible, it is suggested that advice about smoking cessation and breastfeeding should be randomized by cluster assignment of catchment areas of pregnant women to different consultation groups. 63 Else, sequential cohort design could be applied, which avoids contamination, and ethical conflicts because of withholding important information from the controls. While recruiting the intervention group (smoking cessation during pregnancy, breast-feeding promotion), the control group could already be examined (at the outcome age), so it could not have participated in the intervention. The catchment area, the selection and recruiting procedures, outcome age, instruments for data collection, and other relevant methodologies have to be kept comparable, and remaining differences have to be controlled for.
